NR2A and NR2B are the predominant NR2 NMDA receptor subunits expressed in cortex and hippocampus. The relative expression level of NR2A and NR2B is regulated developmentally and these two subunits have been suggested to play distinct roles in long-term synaptic plasticity. We have used patch-clamp recording of recombinant NMDA receptors expressed in HEK293 cells to characterize the activation properties of both NR1/NR2A and NR1/NR2B receptors. Recordings from outside-out patches that contain a single active channel show that NR2A-containing receptors have a higher probability of opening at least once in response to a brief synaptic-like pulse of glutamate than NR2B-containing receptors (NR2A, 0.80; NR2B, 0.56), a higher peak open probability (NR2A, 0.50; NR2B, 0.12), and a higher open probability within an activation (NR2A, 0.67; NR2B, 0.37). Analysis of the sequence of single-channel open and closed intervals shows that both NR2A-and NR2B-containing receptors undergo multiple conformational changes prior to opening of the channel, with at least one of these steps being faster for NR2A than NR2B. These distinct properties produce profoundly different temporal signalling profiles for NR2A-and NR2B-containing receptors. Simulations of synaptic responses demonstrate that at low frequencies typically used to induce long-term depression (LTD; 1 Hz), NR1/NR2B makes a larger contribution to total charge transfer and therefore calcium influx than NR1/NR2A. However, under high-frequency tetanic stimulation (100 Hz; > 100 ms) typically used to induce long-term potentiation (LTP), the charge transfer mediated by NR1/NR2A considerably exceeds that of NR1/NR2B.
The NMDA subtype of ionotropic glutamate receptors comprises both NR1 and NR2 receptor subunits and plays a major role in both physiological and pathophysiological processes in the brain (reviewed by Dingledine et al. 1999; Cull-Candy et al. 2001) , as well as being a promising therapeutic target (reviewed by Brauner-Osborne et al. 2000) . The identity of the NR2 subunit (NR2A-D) strongly influences the pharmacological and biophysical properties of the receptor (Williams et al. 1994; Sucher et al. 1996; Krupp et al. 1998; Paoletti et al. 2000 ; reviewed by Erreger et al. 2004) . While the NR1 subunit is expressed ubiquitously, expression patterns of NR2 subunits are regulated both spatially and temporally. For example, in the cortex and hippocampus the NR2B subunit is predominantly expressed early in development, whereas expression of the NR2A subunit increases over time resulting in a developmental shift in functional properties of NMDA receptors (Hestrin, 1992; Monyer et al. 1994; Sheng et al. 1994; Flint et al. 1997; reviewed by van Zundert et al. 2004) . Activity-dependent changes in the synaptic density of NR2A and NR2B have also been described (Fujisawa & Aoki, 2003; Ehlers, 2003) . Synaptic and extrasynaptic NMDA receptors have distinct subunit compositions and functional roles (Rumbaugh & Vicini, 1999; Tovar & Westbrook, 1999; Li et al. 2002; van Zundert et al. 2004) . Recent studies have also shown that NR2 subunits make distinct contributions to different forms of long-term synaptic plasticity (Hrabetova et al. 2000; Yoshimura et al. 2003) , with activation of NR2B proposed to induce long-term depression (LTD) and activation of NR2A proposed to induce long-term potentiation (LTP) (Liu et al. 2004; Massey et al. 2004) . These data suggest that there is developmental and activity-dependent regulation of the relative expression and distribution of the NR2A and NR2B subunits, as well as unique physiological roles for each NR2 subunit. Therefore understanding the fundamental functional differences between NMDA receptors containing the NR2A or NR2B subunit will yield insight into multiple aspects of synaptic function.
Several functional differences between NR2A-and NR2B-containing receptors have previously been described. For example, following brief applications of glutamate, NR2B-containing receptors deactivate more slowly than NR2A-containing receptors (Vicini et al. 1998) while excitatory post-synaptic currents (EPSCs) mediated by NMDA receptors comprising mainly of NR2B receptor subunits also show slower decays compared to NR2A-containing receptors (Flint et al. 1997) . These data suggest that NR2B expression allows for greater temporal integration of non-synchronous synaptic inputs, which may explain in part why the NR2B subunit is critical for the development of the nervous system (Kutsuwada et al. 1996) . Estimates of peak open probability using the open channel blocker MK-801 have suggested that receptors containing the NR2A subunit have a 2-to 5-fold higher peak open probability (P o ) than NR2B (Chen et al. 1999) . At the single-channel level, NMDA channels exhibit complex kinetic behaviour that depends on the identity of the NR2 subunit (reviewed by Erreger et al. 2004) .
In this study, we analyse single-channel currents from receptors containing either the NR2A or NR2B subunits to gain insight into how channel gating is regulated by the NR2 subunit. Our analyses suggest that there are multiple activating conformational changes preceding channel opening and that at least one of these pre-gating steps is faster for NR2A than for NR2B. We interpret these data to suggest that conformational changes controlled by glutamate binding have a lower activation energy for NR2A-than for NR2B-containing receptors. The difference in these pre-gating steps has a dramatic effect on NR2A and NR2B temporal signalling properties, with important implications for synaptic transmission.
Methods
HEK293 cells were maintained and transiently transfected using the calcium phosphate method for 4-8 h with NR1-1a (GenBank U11418, U08261; pCIneo vector; hereafter NR1), either NR2A (D13211; pCIneo) or NR2B (U11419; pCDNAIamp), and green fluorescent protein (GFP) at a ratio of 1 : 2 : 0.5 as previously described . Currents from outside-out patches, held at potentials (V m ) ranging between −60 and −80 mV, were recorded using an Axopatch 200A or 200B amplifier (Axon Instruments) and were digitized with Pclamp8 software. Single-channel data for both concentration jumps and steady-state recording were filtered at 5 kHz using an 8-pole Bessel filter (−3 dB, Frequency Devices) and digitized at 13-40 kHz. Steady-state currents were typically recorded for 5 min. Macroscopic currents were filtered at 2 kHz and digitized at 20 kHz. The extracellular solution for NR2A experiments consisted of (mm): NaCl 150, Hepes 10, CaCl 2 0.5, KCl 3 and EDTA 0.01, with 50 µm glycine and 1 mm glutamate unless otherwise noted (pH 7.3, 23 • C). The extracellular solution for NR2B experiments consisted of (mm): NaCl 150, Hepes 10, CaCl 2 0.5, KCl 3 and Ca-EDTA 0.2, with 20 µm glycine and 1 mm glutamate unless otherwise noted (pH 7.4, 23
• C). For most experiments, the agonist-containing extracellular solution was made from ultra-pure salts with a Mg 2+ concentration of < 0.2 µm measured using inductively coupled plasma mass spectroscopy by the Laboratory for Environmental Analysis, University of Georgia. Channel data recorded with normal salts were included in the final analysis as measured Mg 2+ concentration was < 1 µm and the mean channel open time was not significantly different in paired comparisons of normal and ultra-pure salts in the same patches expressing NR1/NR2A (P > 0.05, n = 6). The internal solution consisted of (mm): caesium gluconate 110, CsCl 2 30, Hepes 5, NaCl 4, CaCl 2 0.5, MgCl 2 2, BAPTA 5, Na 2 ATP 2 and Na 2 GTP 0.3 (pH 7.35). Rapid solution exchange was achieved with a two-barrel theta glass pipette controlled by a piezoelectric translator (Burliegh); junction currents were used to estimate speed of solution exchange after recordings. Exchange times for 10-90% solution were typically ∼1 ms, or 7-to 12-fold faster than the current rise times in response to a saturating agonist concentration. Brief pulses for the single-channel experiments had a half-width of 6-8 ms for NR1/NR2A and 3-5 ms for NR1/NR2B. Brief pulses for the macroscopic experiments had a half-width of 15-20 ms for NR1/NR2A and 6-8 ms for NR1/NR2B.
Outside-out patches were assumed to contain a single channel when we could detect no double openings in response to more than 50 brief agonist applications or during at least 2 min of continuous recording in the presence of agonist. In addition, the homogeneous peak open probability and observation that numerous other patches contained zero or two active channels further suggest our recordings contain only a single active channel. Single-channel analysis was performed using QUB software (www.qub.buffalo.edu) to idealize records and fit kinetic models to idealized single-channel data. For histogram fitting, the data were divided into uniform segments (0.5-10 s for NR2A and 1-10 s for NR2B) and any segment with simultaneous multiple channel openings was discarded. Records were idealized with the segmentation k-means algorithm (Qin, 2004) .
Dwell time distributions were fit to multiple exponential kinetic components using ChanneLab (www.synaptosoft.com). For maximum interval likelihood (MIL; Qin et al. 1997 ) fitting data were idealized and segmented with a critical shut duration (Tcrit) calculated that minimized the total number of misclassified events (Jackson et al. 1983; Colquhoun & Sigworth, 1995 ; EKDIST provided by David Colquhoun, University College, London). Idealized activations were then fitted to hidden Markov models using the maximum interval likelihood method. A subset of six NR1/NR2B-containing one-channel patches activated by glutamate described by were re-analysed here, and the results included for comparison with parallel experiments with NR2A. For macroscopic currents, macroscopic response waveforms obtained in outside-out patches were normalized and averaged among patches. The average macroscopic glutamate response waveform was then normalized to the measured open probability determined in one-channel patches. Hidden Markov models were simultaneously fitted (ChanneLab) to multiple macroscopic waveforms obtained for both short and long pulses of agonist and high and low concentrations of agonist. Simulated responses to synaptic waveforms of glutamate were generated using Channelab at 50 kHz. Figure 1 . Activation of NR1/NR2A or NR1/NR2B channels in outside-out patches in response to a synaptic-like brief pulse of saturating glutamate A and B, patches with only a single active NR1/NR2A or NR1/NR2B channel were exposed to a brief (3-8 ms) pulse of 1 mM glutamate in the continued presence of 50 µM glycine. The tip current used to determine the time course of solution exchange is plotted on the top trace. Twenty representative current responses from one patch are displayed for NR1/NR2A or NR1/NR2B channels (resampled at 2.5 kHz and filtered at 1 kHz for display; V = −80 mV for NR1/NR2A, −100 mV for NR1/NR2B). The mean current response for each patch was normalized to the unitary channel current to convert the waveform to an absolute open probability. This open probability waveform was averaged among six patches and the resulting composite open probability waveform is displayed below the individual current traces. The distribution of activation durations, defined as the total time between and including the first and last channel opening, is shown as an inset adjacent to the open probability mean waveform.
ANOVA with Tukey's post hoc test was performed for multiple comparisons and Student's t test was used for paired comparisons. Data are expressed as means ± s.e.m.
Results
Activation of NR1/NR2A and NR1/NR2B receptors by brief glutamate application Recombinant NR1/NR2A or NR1/NR2B receptor function was evaluated by applying a brief (3-8 ms) synaptic-like pulse of 1 mm glutamate in the continued presence of 50 µm glycine to outside-out patches excised from transiently transfected HEK293 cells (Fig. 1) et al. 1997). However, in the presence of a relatively low (0.5 mm) Ca 2+ concentration, we observe one predominant conductance level (NR1/NR2A, 62.3 ± 1.3 pS; NR1/NR2B, 67.8 ± 3.7 pS, n = 6 for both). Only patches that contained one active channel were analysed (see Methods). This experimental design of applying a brief pulse of a maximally effective concentration of glutamate to a patch expressing only a single active channel has several advantages compared to the analysis of macroscopic currents or the analysis of unitary currents with multiple active channels in the patch. First, it is possible to measure directly the probability that the channel will open following a single agonist binding event. If we assume application of 1 mm glutamate (> 100 × EC 50 ) always leads to receptor binding, then the probability that an agonist-bound receptor will open at least once can be calculated by determining the fraction of responses that contain at least one opening after glutamate application. Second, normalizing the mean current response to the amplitude of the unitary (single-channel) current gives a direct measurement of the magnitude and time course of channel open probability following agonist binding. Third, the durations of defined single activations can be determined unequivocally without the complication of agonist rebinding, allowing direct measurement of both activation duration and open probability within an individual activation.
Representative current traces from one patch are shown for NR1/NR2A or NR1/NR2B in Fig. 1 . The mean open probability waveform averaged across six patches is displayed below the individual current traces for both NR1/NR2A and NR1/NR2B. A number of differences can be seen within the raw current traces. For example, NR1/NR2A receptors are more likely to open, while activations of NR1/NR2B are of longer duration than NR1/NR2A. Activation parameters summarized in Table 1 highlight several functional distinctions between NR1/NR2A and NR1/NR2B. Of the three different measures of channel open probability made, P activation refers to the fraction of sweeps which have at least one channel opening following application of a supra-maximal concentration of agonist. The peak open probability, P o,peak , was calculated by dividing the mean current waveform for each patch by the unitary single-channel current and determining the peak of this waveform. The open probability within an activation, P o,within activation , is defined for each sweep as the total time spent in the open state as a fraction of the activation duration. For all three measures of open probability, NR1/NR2A receptors had a significantly higher value than NR1/NR2B receptors. NR1/NR2A receptors were more likely to activate, showed a higher peak open probability, and had a greater open probability within an activation. We also determined the distribution of activation durations for both NR1/NR2A and NR1/NR2B (inset in Fig. 1A and B). NR1/NR2B receptors had a broader distribution of activation durations than NR1/NR2A and on average the activation duration was longer for NR1/NR2B than NR1/NR2A, consistent with the slower deactivation time course for NR1/NR2B than NR1/NR2A (Vicini et al. 1998 ; see also Fig. 5B and Table 3 ).
Activation of NR1/NR2A and NR1/NR2B receptors at steady state
Steady-state recordings of NMDA receptor activity in outside-out patches in the presence of saturating concentrations of glutamate and glycine contained many more openings in response to agonist than our brief pulse experiments, and thus provide a valuable complement to that data. The greater number of channel openings per patch in steady state versus the brief jump data allowed us to fit hidden Markov models to data from individual patches to evaluate putative gating mechanisms (see below). One example of a patch with NR1/NR2A receptors recorded under steady-state conditions is shown in Fig. 2A (digitized at 40 kHz and filtered at 5 kHz). Current data were idealized and the distribution of shut time durations is plotted in Fig. 2B (same patch shown in Fig. 2A ). For comparison, the pooled shut time distribution from six patches for activations following a brief glutamate pulse is shown in Fig. 2C . Shut-time distributions from steady-state recordings of NR2A showed a complex bursting behaviour similar to activations elicited by brief agonist application ( Fig. 2B and C) . Similar to brief jumps, the steady-state channel shut-time distributions show one very brief component (0.1 ms) and two main components with time constants of 0.55 ± 0.05 ms (area, 29.2 ± 3.2%) and 3.63 ± 0.37 ms (area, 39.3 ± 2.2%; n = 7). Steady-state recordings do exhibit long desensitized periods of inactivity in the continued presence of agonist similar to those occasionally observed in activations following brief glutamate application.
A parallel set of recordings was performed for NR1/NR2B receptors (Fig. 3) . Figure 3A shows an example of NR1/NR2B channel activity recorded at steady state. Current data were idealized and the distribution of shut-time durations is plotted in Fig. 3B (same patch shown in Fig. 3A ). For comparison, the pooled shut-time distribution from six patches for activations following a brief glutamate pulse is shown in Fig. 3C . Shut-time distributions from steady-state recordings of NR1/NR2B showed a complex behaviour similar to activations elicited by brief agonist application ( Fig. 2B and C) . Similar to brief jumps, the steady-state channel shut-time distributions show one very brief component (0.1 ms) and two main components with time constants of 1.04 ± 0.25 ms (area, 21.2 ± 1.4%) and 20.6 ± 3.3 ms (area, 36.6 ± 6.5%; n = 6). The mean channel open time was similar for NR1/NR2A and NR1/NR2B receptors (NR1/NR2A, 3.72 ± 0.39 ms, n = 7; NR1/NR2B, 3.33 ± 0.47 ms, n = 9).
Comparison of NR1/NR2A and NR1/NR2B gating mechanisms
A number of previous studies have argued convincingly that at least two pre-gating kinetically distinct conformation changes are required before NMDA receptors can open (Gibb & Colquhoun, 1991; Popescu & Auerbach, 2003; Popescu et al. 2004) . We used hidden Markov modelling of our single-channel data to explore whether differences exist between rates of motion for these hypothetical conformational changes that precede pore dilation for J Physiol 563.2 NR1/NR2A and NR1/NR2B receptors. Patches of high quality and sufficient number of events were selected for analysis for NR1/NR2A or NR1/NR2B receptor activations. Data were analysed by subdividing records on the basis of a critical shut time (30 ms for NR1/NR2A, 100 ms for NR1/NR2B) that was calculated to separate openings occurring within the same activation from openings within two different activations (see Methods). Table 2 compares the mean (± s.e.m.) rate constants for three different representations of NR1/NR2A or NR1/NR2B receptor activation (Fig. 4) . Because the recordings were performed in the continuous presence of a saturating concentration of both glutamate and glycine, no explicit binding steps are included and full occupancy of ligand binding sites is assumed.
Scheme 1 is adapted from and postulates the existence of independent NR1 and NR2 subunit transitions, both of which must occur, before the channel pore can open. These two conformational changes (a relatively fast transition 'f ' , and a slow transition 's') can occur in either order. The original interpretation of the results obtained with this model was that the faster rate reflects NR1 conformational changes and the slower rate reflects NR2 conformational changes based on sensitivity of the kinetics to partial agonists acting at the glycine or glutamate site, respectively . Scheme 1 provides a reasonable fit to the sequence of steady-state single-channel openings and closings. The only rate constant differing significantly between NR1/NR2A and NR1/NR2B is k s+ , the forward rate previously suggested to largely reflect the slower activation step, with NR1/NR2A having a faster activation rate than NR1/NR2B ( Table 2 ). The observation that only the slow rate differs between NR1/NR2A and NR1/NR2B containing receptors supports the conceptual model that this particular rate reflects actions within NR2, since only the subunit (NR2) differs between the hetero-dimeric NR1/NR2A and NR1/NR2B complexes.
Schemes 2 and 3 are alternative hypotheses in which there are multiple conformational changes preceding opening of the channel pore that are constrained to be sequential. For Scheme 2 the forward activation rates for the first step k 1+ is faster for NR1/NR2A than for NR1/NR2B. The quality of the fits to both Schemes 1 and 2 were similar as quantified by the log likelihood per event (Scheme 1, 4.33 ± 0.11; Scheme 2, 4.34 ± 0.10, n = 10) and both models have an equal number of parameters. Therefore we cannot distinguish between these two models on statistical criteria. Both Schemes 1 and 2 are an oversimplification in that they predict only one open state, whereas the data show at least two distinct kinetic components to the open dwell time distribution (note the briefest openings are poorly fit by Scheme 1). Scheme 3 is a sequential scheme, similar to that proposed by Popescu et al. (2004) , which contains one additional closed and one additional open state compared to Schemes 1 and 2. This Scheme possesses more free parameters and provides a better description of the dwell-time distributions. The interpretation of the fits to Scheme 3 is conceptually similar to Schemes 1 and 2 in that the forward rate for the first or slowest of the sequential conformational changes is faster for NR1/NR2A than for NR1/NR2B. Results from evaluation of all three of these models suggest that multiple pre-gating steps are needed for both receptors, and that NR1/NR2A undergoes one of these conformational changes more A, kinetic models are depicted for each scheme with open-channel states in bold with a star. Scheme 1 postulates two independent pre-gating steps. Scheme 2 postulates two sequential pre-gating steps. Scheme 3 is an extension of Scheme 2 with an additional open and shut state to account for the briefest component of the dwell-time distributions. B, steady-state currents were idealized and fitted to Scheme 1. Bar graphs show dwell-time distribution histograms for one example patch for each subunit combination and solid lines show probability density functions predicted by model fits. Rate constant results from fits to all three models are given in Table 2. rapidly than NR1/NR2B. Consistent with this hypothesis, the cumulative first latency histograms and rise time for the mean waveform from one-channel patches confirm the more rapid activation of NR1/NR2A than NR1/NR2B ( Fig. 5 ; see also rise times of macroscopic currents in Table 3 ).
Agonist binding, activation and desensitization of NR1/NR2A and NR1/NR2B receptors
In order to evaluate the effects that subunit-specific gating properties might have at synaptic receptors, we fitted macroscopic responses with models that incorporated our information about gating and also included explicit binding and desensitization rates. Macroscopic currents in outside-out patches were recorded in response to rapid application of glutamate in the continued presence of 50 µm glycine. Three sets of responses were generated for each receptor: (1) a long pulse of high agonist concentration; (2) a brief pulse of high agonist concentration; and (3) a long pulse of low agonist concentration (Fig. 6A) . Responses for each condition were normalized and averaged across patches (Fig. 6B) . Kinetic parameters describing the time course of macroscopic currents are given in Table 3A . Two exponential components were required to fit the desensitization profile of responses recorded in the continued presence of glutamate or the deactivation following a brief pulse of glutamate. The amplitude of the responses to prolonged application of the high (1 mm) agonist concentration response were constrained to match the empirically determined peak open probability ( Fig. 1 and Table 1) , and other responses were scaled according to their mean relative amplitudes in the same patches. All three curves for each agonist were simultaneously fitted with Scheme 4, an extension of the independent subunit activation model fitted to the single channel data above (Scheme 1). In Scheme 4 there are two independent glutamate binding steps (explicit glycine steps are omitted as all recordings were performed in the presence of a saturating concentration of glycine at all times) and two desensitized states (reflecting the double exponential nature of the desensitization time course). The gating rates were fixed to those determined from single-channel analysis and the only free parameters in these fits were the binding and desensitization steps. A least-squares criterion was used to find a set of rate constants which minimized the difference between experimental and simulated waveforms. The resulting fits of the data to this Scheme are shown in Fig. 6B . Table 3B summarizes the results from fitting Scheme 4 to macroscopic data for both NR1/NR2A and NR1/NR2B, and confirms that these conceptual models can predict responses to synaptic-like stimuli with the correct time course and the correct open probability.
Subunit-specific gating controls synaptic signalling by NR1/NR2A and NR1/NR2B receptors
The models described in Table 3B and Fig. 6 predict not only different open probability and response time course for NR1/NR2A and NR1/NR2B receptors, but also different concentration dependence. For example, Scheme 4 predicts an EC 50 value for the peak response of 6.1 µm (Hill slope or n H of 1.7) for NR1/NR2A and 7.8 µm (n H of 1.2) for NR1/NR2B receptors. The EC 50 values for the steady-state response, estimated as the plateau current in response to 5-s application of glutamate, were predicted to be 2.6 µm (n H of 1.6) and 1.2 µm (n H of 1.9) for NR1/NR2A and NR1/NR2B, respectively. In order to evaluate how these differences in channel gating and response properties between NR2 subunits can affect NMDA receptor-mediated synaptic signalling, we simulated responses to synaptic glutamate waveforms using the results of the fitting to Scheme 4. The simulated synaptic glutamate waveform had a peak concentration of 1.1 mm and decayed with an exponential time constant of 1.2 ms (Clements et al. 1992) . Figure 7 illustrates the current response of 20 NR1/NR2A or NR1/NR2B channels, held at a membrane potential of −60 mV, to a single synaptic pulse of glutamate. While these simulations are of voltage-clamped receptors in the absence of magnesium block, we feel that they are a useful starting point to evaluate how the differences in channel kinetics we have described here would give rise to different synaptic responses. We quantified the charge transfer (Q) by integrating the current response (measuring the area under the current trace) at different time points after the stimulus. The time course for total charge transfer from a single synaptic stimulus is illustrated in the inset in Fig. 7 . Activation of NR1/NR2A receptors results in a relatively fast charge transfer, reaching 85% of the total within the first 100 ms. By contrast, the relatively prolonged activation for NR1/NR2B results in a slower accumulation of charge, exceeding 50% of total charge only after 1 s. The total charge transfer by a synaptic activation is approximately 2-fold greater for NR1/NR2B than NR1/NR2A. This occurs because the deactivation of NR1/NR2B receptors is so much slower than NR1/NR2A receptors that it more than compensates for the lower open probability for NR1/NR2B. NR1/NR2A and NR1/NR2B receptors differ in their rates of deactivation and desensitization, as well as their recovery from desensitization. Given the influence that NR2 subunits exert on the temporal signalling profile of NMDA receptors, we evaluated the frequency dependence of charge transfer using our models of NR2A-and NR2B-containing receptors. Our ability to accurately model both the time course and peak open probability allows us to compare the predicted response for receptors with each subunit to the same synaptic glutamate concentration profile. We used trains of six pulses varying in frequency between 0.25 and 50 Hz. Figure 8A illustrates the frequency dependence of charge transfer for NR2A-and NR2B-containing receptors. At low frequencies, NR1/NR2B receptors retain their ability to pass more current than NR1/NR2A. However, at higher frequencies, NR1/NR2A receptors become equally effective as NR1/NR2B at passing current for our six-pulse stimulus protocol. In order to further explore the differential response to high-frequency stimulation, we examined the simulated responses of NR1/NR2A and NR1/NR2B receptors to different duration trains of high-frequency (100 Hz) tetanic stimuli (Fig. 8B) . Stimulation of NR1/NR2A receptors by a 100-Hz train of synaptic glutamate pulses resulted in significantly more charge transfer than for NR1/NR2B provided the duration of the stimulus train exceeded 100 ms. This was largely due to a difference in the glutamate unbinding rate, with NR2A releasing agonist 30-fold faster than NR2B, which reduces the degree of desensitization for NR1/NR2A compared to NR1/NR2B in response to a single synaptic stimulus.
We subsequently examined whether the predicted differential charge transfer and differential frequency dependence for NR1/NR2A and NR1/NR2B receptors will also apply to synaptic glutamate time courses other than that tested above (e.g. Barbour, 2001 ). We examined peak glutamate concentrations between 0.1 and 10 mm and time course of glutamate removal approximated as an exponential function with time constants between 0.1 and 10 ms. NR1/NR2A receptors produced a 2-fold greater charge transfer than NR1/NR2B receptors in response to high-frequency tetany for all synaptic concentrations and time courses tested. We also repeated each of the simulations described in Figs 7 and 8 for differing synaptic profiles. The differential charge transfer between NR1/NR2A and NR1/NR2B was similar for synaptic glutamate time courses that produced full but brief receptor activation. For example, when the glutamate time constant was 10 ms, the difference between NR2A and NR2B were less pronounced than for a time constant of 1 ms. When the synaptic glutamate concentrations decayed with a time constant of 0.1 ms, only the highest glutamate concentration (10 mm) showed a similar differential charge-transfer profile between NR1/NR2A and NR1/NR2B to that shown in Fig. 7 . In contrast, for a glutamate time constant of 1 ms, the A, the rising phase of the ensemble average from one-channel patches activated by brief concentration jump to maximally effective concentration of glutamate (1 mM). Average waveforms were normalized and superimposed; n = 6 patches for both NR1/NR2A and NR1/NR2B. B, cumulative first latency histogram was constructed for three patches for both NR1/NR2A (556 events) and NR1/NR2B (205 events). The cumulative distribution for the first 90 ms was normalized to 100%, and shows that NR2A activates faster than NR2B (P < 0.001; Kolmogorov-Smirnov).
J Physiol 563.2 charge transfer ratio of NR2A:NR2B was independent of the glutamate concentration in the range of 1-10 mm. This effect was mirrored in the simulations evaluating the effects of frequency on charge transfer. These data Figure 6 . Fitting of macroscopic currents to determine agonist binding and desensitization rates A, macroscopic currents for curve fitting were recorded in outside-out patches excised from HEK293 cells expressing NR1/NR2A (V m = −60 mV). One example sweep is shown for each of the three protocols: 1 mM glutamate brief pulse; 1 mM glutamate long pulse; and 5 µM glutamate long pulse. The inset shows the brief 1 mM glutamate response on an expanded time scale with the junction current used to determine the time course of solution exchange. B, the mean waveform for each protocol is shown for both NR1/NR2A and NR1/NR2B (grey, n = 11 NR1/NR2A, n = 17 NR1/NR2B). For NR2B the three protocols are: 1 mM glutamate brief pulse; 1 mM glutamate long pulse; and 3 µM glutamate long pulse. Fits to Scheme 4 are in black and raw data in grey are mean normalized currents. In the model there are two different desensitized states which are accessible from the fully liganded state (RA 2 in Scheme 4). Kinetic parameters and fitting results are given in Table 3 .
suggest that the differential response of NR2A-and NR2B-containing receptors to high-frequency stimulation is independent of synaptic glutamate response waveform, whereas the frequency dependence of charge transfer for low-frequency LTD-like stimuli require full receptor activation and brief glutamate pulses.
Discussion
There are four main findings of this study. First, receptors containing the NR2A subunit have a higher open probability than those containing the NR2B subunit, quantified as either the probability of activation, the peak open probability or the open probability within an activation. Second, following agonist binding there are multiple pre-gating conformational transitions prior to channel opening, with at least one of these changes being faster for NR1/NR2A receptors than for NR1/NR2B receptors. The change in this rate accounts for differences in open probability and current rise times. Third, a simple model incorporating two pre-gating activation steps can account for NR1/NR2A or NR1/NR2B currents in response to rapid agonist application over a range of agonist concentrations and durations, as well as correctly predict the peak open probability measured directly from single channels. These models also predict the main features of single-channel records. Finally, these Figure 7 . Subunit-specific gating controls NR2 subunitdependent signalling properties Models using Scheme 4 with the rates listed in Table 3 were used to simulate NR1/NR2A or NR1/NR2B response to synaptic inputs. A peak glutamate concentration of 1.1 mM with an exponential decay time constant of 1.2 ms was used to drive simulations (Clements et al. 1992) . The response to a single synaptic pulse of glutamate is simulated for 20 channels at −60 mV under voltage clamp (50 pS conductance, with a reversal potential of 0 mV). Inset, the accumulated charge transfer for NR2A-and NR2B-containing receptors is calculated at varying time points of the current response following stimulation. The current response is plotted on the same time scale with arrows indicating the corresponding time point between the current response and the accumulated charge transfer. Calcium entry is proportional to charge transfer as the relative permeability for calcium is the same for NR1/NR2A and NR1/NR2B (Schneggenburger, 1996) . NR2 subunit-dependent gating differences cause dramatic differences in both the timing of charge transfer as well as the response of these receptor-channels over a range of stimulation frequencies. Thus, the ability of NR2 subunit to control open probability and temporal signalling may influence the differential contribution of NR2A-and NR2B-containing receptors to various forms of synaptic plasticity.
Functional implications of activation of NMDA receptors
It has previously been shown for AMPA receptors that partial agonists induce only partial closure of the agonist binding S1S2 domain (Armstrong & Gouaux, 2000) . AMPA receptors exhibit multiple conductance levels and it has been hypothesized that each subunit can gate independently and make an incremental contribution to ion permeation such that channel conductance depends on the number of agonist-binding sites occupied (Rosenmund et al. 1998; Smith & Howe, 2000) . A compelling convergence of structure and function was achieved by Jin et al. 2003) who demonstrated that the degree of domain closure induced by partial agonists correlates directly with the functional efficacy for the coupling of agonist binding to channel gating. How this finding relates to NMDA receptor function is unclear, as the properties of channel gating for NMDA receptors differ significantly from AMPA receptors (reviewed by Erreger et al. 2004) . For example, NMDA receptors must be fully liganded to open and there is evidence for multiple conformational changes required to transduce agonist binding into channel gating (Popescu & Auerbach, 2003; Popescu et al. 2004; commentary by Magleby, 2004; Gibb, 2004) . Our finding that exchange of the NR2 subunit alters a rate constant that has been hypothesized to be an NR2-controlled conformational change and which precedes channel opening is consistent with individual subunits undergoing independent activating conformational transitions. Precedent exists for this idea, which has been proposed not only for glutamate receptors (Jin et al. 2003; but also for both cyclic nucleotide-gated channels and shaker potassium channels (reviewed by Karpen & Ruiz, 2002) .
The different efficiency by which NR1/NR2A and NR1/NR2B receptors undergo a pre-gating conformational change will also influence open probability. Previous measurements of the subunit dependence of open probability relying on the blocking properties of the open channel blocker MK-801 (Jahr, 1992) predicted that NR1/NR2A receptors have a 2-to 5-fold higher open probability than NR1/NR2B receptors (Chen et al. 1999 ). Here we report, using direct measurements of experimentally defined individual activations of a single receptor-channel, the peak open probability of NR2A-and NR2B-containing receptors. NR1/NR2A channels exposed to a synaptic-like (brief, high concentration) glutamate stimulus exhibited a 4-fold greater peak open probability than NR1/NR2B (0.50 for NR1/NR2A versus 0.12 for NR1/NR2B). Additionally, we find the probability that a fully liganded receptor-channel will open at least once, which we refer to as P activation , is 0.80 for NR1/NR2A and 0.56 for NR1/NR2B. This measured value for NR1/NR2A is slightly higher than Figure 8 . NR1/NR2A and NR1/NR2B show distinct frequency dependence of signalling A, NR1/NR2A and NRI/NR2B receptor responses were simulated in response to trains of six synaptic pulses at 5 Hz (left panel). There is a clear difference in the amplitude of the current response to each pulse between NR1/NR2A and NR1/NR2B receptors. The right panel summarizes the total charge transfer (total area under the current curve for the entire train of six synaptic pulses) at different frequencies. The low-frequency limit of the charge transfer was calculated as six times the charge transfer to a single response, and is shown for both NR1/NR2A and NR1/NR2B (broken line). Low-frequency stimulation allows higher charge transfer, and therefore calcium entry, through NR1/NR2B receptors, whereas moderately higher stimulus frequencies lead to similar levels of overall charge transfer for the two subunits. B, summary of charge transfer for a 100-Hz tetanic stimulus train of a varying duration. High-frequency stimulation for > 100 ms produces greater charge transfer, and therefore calcium entry, through NR1/NR2A than NR1/NR2B receptors.
Expression of NR2 subunits varies both developmentally and anatomically (Sheng et al. 1994; Monyer et al. 1994) . Additionally, some forms of plasticity may be regulated selectively by NR2 subunit composition (Hrabetova et al. 2000; Yoshimura et al. 2003; Liu et al. 2004; Massey et al. 2004) . For example, LTD can be blocked by NR2B-selective ligands, whereas LTP is insensitive to these compounds. These data were interpreted to suggest that NR2B activation participates in LTD whereas NR2A controls LTP (Liu et al. 2004; Massey et al. 2004) . NR2B subunits are generally expressed preferentially early in development and it has been suggested that slower deactivation time course (longer duration EPSCs) allows for temporal integration of non-synchronous synaptic inputs that may be important for plasticity during neural development (Carmignoto & Vicini, 1992 , Flint et al. 1997 . Figure 7 illustrates the different temporal features of signalling for an equivalent number of NR1/NR2A and NR1/NR2B channels, and highlights how NR2B is more effective in mediating charge transfer following a single synaptic event (or multiple events at low frequency) despite its lower open probability. Because the calcium permeability is similar for NR1/NR2A and NR1/NR2B (Schneggenburger, 1996) , the time course for charge transfer is indicative of the time course for calcium entry through NMDA channels. The drastic differences in this profile for calcium entry may underlie the distinct roles suggested for NR1/NR2A and NR1/NR2B in long-term synaptic plasticity. For example, rapid changes in calcium concentration (NR1/NR2A) may activate different cellular signals than a slower calcium signal (NR1/NR2B). Indeed it has been demonstrated that calmodulin can differentially modulate calcium channels in response to rapid local calcium signals or slow diffuse calcium signals (DeMaria et al. 2001) . Other work suggests both the extent and timing of calcium entry through ion channels may alter gene expression and contribute to synaptic plasticity (Deisseroth et al. 2003) .
Examination of the frequency dependence of charge transfer highlights an interesting feature of differences in the signalling profiles for NR1/NR2A versus NR1/NR2B (Fig. 8) . At lower stimulus frequency, such as those typically employed to induce LTD (1 Hz), NR1/NR2B receptors are more effective at mediating charge transfer and thus Ca 2+ influx into neurones (Fig. 8A) . On the other hand, simulation of responses to the type of high-frequency stimulation typically employed to induce LTP (trains of stimulation > 50 Hz for > 100 ms) suggests that NR1/NR2A receptors are more effective at mediating charge transfer and therefore Ca 2+ influx into neurones (Fig. 8B) . The differences we observe in intrinsic kinetic properties may explain in part the suggested role for NR2A receptors in LTP and NR2B receptors in LTD (Liu et al. 2004; Massey et al. 2004) . Of course, differential localization or interactions with signalling molecules are among other factors which may contribute to the distinct NR2 subunit roles in long-term plasticity.
Conclusion
Following agonist binding, NMDA receptors must undergo multiple conformational changes prior to channel opening. Our results suggest that at least one of these transitions is regulated by the identity of the NR2 subunit, proceeding more quickly for NR2A than for NR2B. This faster gating explains the higher open probability observed for NR1/NR2A than for NR1/NR2B. However, the activation duration of NR1/NR2B is longer than for NR1/NR2A, resulting in ultimately greater charge transfer and therefore calcium influx. The differences in the time course and frequency dependence of both current and total charge transfer may explain how NR1/NR2A and NR1/NR2B make distinct contributions to synaptic physiology and plasticity.
